The problem of protein synthesis has many facets. The previous speakers on this symposium have outlined and discussed the excellent researches with cellular fractions and partially purified enzyme systems which demonstrate activations and incorporations of amino acids dependent upon energy derived from cleavage of ATP. Information from these studies suggests that similar mechanisms operate in vivo and thus that, for every peptide bond formed, at least one ATP molecule is split. Over the past several years, studies have been made in our laboratory on the mechanisms of ATP utilization and formation in various reactions catalyzed by cell fractions and purified enzymes. An important part of these researches has dealt with the fate of the oxygen atoms in substrate molecules participating in the coupled reactions as studied by use of the heavy isotope of oxygen, 018. These and related studies by other investigators have yielded fundamental information about the course of the reactions and have suggested, as will be outlined presently, that it might be possible to put to test the hypothesis that protein synthesis in the intact cell involves cleavage of an ATP molecule for each peptide bond formed, through participation of an intermediate formed by combination of part of the ATP molecule with the carboxyl group of the amino acid. The purpose of this contribution is to present results of studies on the fate of the carboxyl oxygens of amino acids, which allow tracing the path of amino acids to protein in an intact cell, and to deduce some aspects of the nature of the primary reactions and other reactions associated with the protein synthesis.
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When an ATP molecule is cleaved to ADP and iP (inorganic orthophosphate), or to ADP and PP (inorganic pyrophosphate), an oxygen atom from some source must be incorporated into the products. In some metabolic processes, such as muscular contraction, hydrolysis of ATP appears to be involved, and the oxygen would be furnished by water. In syntheses coupled to ATP degradation, the possibility exists that the required oxygen would be furnished by one of the substrates participating in the over-all reactions. That such is indeed the case is shown by the researches summarized in Table 1. This table gives the results of 018 studies with various systems of the general reaction types as follows: ATP + ROH + R/HA R-R' + ADP + iP \R-R' + AMP +PP In every such reaction that has been studied, oxygen from a substrate appears in the products from ATP cleavage; indeed, the results may warrant a generalization that reactions of this type are accompanied by transfer of oxygen from substrates to a phosphate compound derived from the nucleotide cleaved. Only two types of transfer have thus far been noted-that in which the oxygen appears in the iP formed and that in which the oxygen appears in the AMP. It seems likely that in the over-all reactions demonstrated by Kornberg et al.1 for formation of 5-phosphoribosylpyrophosphate from ATP and ribose-5-phosphate, followed by transfer of the 5-phosphoribosyl moiety to adenine, with liberation of pyrophosphate, oxygen from the C-1 of the ribose-5-phosphate would appear in the pyrophosphate. There are at present no observed or indicated reactions with transfer of oxygen to ADP.
The most recent addition to the listing in Table 1 is the coupled reaction of amino acid activation, with formation of amino acid hydroxamates; the study of this reaction was a collaborative undertaking of our group and that of Professors Lipmann and Zamencnik at Harvard.2 Results of these studies will be presented in slightly more detail to indicate the nature of the experimental procedures and findings. Essential final experimental data are given in Table 2 . Tryptophan labeled in the carboxyl group with 018 was incubated with the highly purified tryptophan-activating enzyme from pancreas3 until conversion of the added ATP in the stoichiometric VOL. 44, 1958 reaction was essentially complete. The AMP and PP formed were separated, and iP formed therefrom by the action of alkaline phosphatase on the AMP and by acid hydrolysis of the PP. The iP was isolated as KH2POt, heated to form water, the water equilibrated to exchange its oxygen atoms with C02, and the ratio of mass 46 to mass 44 of the CO2 was measured in the mass spectrometer. The data showed that in the control sample where non-labeled tryptophan was used, the oxygens from PP and AMP had the normal isotopic content. With the labeled tryptophan, within experimental error, one oxygen from the tryptophan carboxyl appeared in the phosphate of the AMP for each tryptophan hydroxamate formed. These results, together with the demonstrations that amino acyl adenylates are active in such enzyme systems,4 5 strongly suggest that the reaction involves an intermediate in which the amino acid is linked through a carboxyl oxygen to the phosphorus of AMP, and that this intermediate is the amino acyl adenylate or a closely related structure that may exist only in combination with the enzyme. The studies with intact cells were initiated soon after the finding in our laboratory6 that direct oxygen transfer occurred in the synthesis of glutamine and acetyl coenzyme A, and they received further impetus by the reports on amino acid activation in cell-free systems.7' 8 The studies were based on the supposition that if similar reactions occurred in protein synthesis by intact cells, the transfer of one oxygen from the amino acid carboxyl to phosphate compounds should occur for each amino acid that found its way into protein. For the studies, it appeared necessary to have a cell which could not synthesize its own amino acids and would therefore be dependent upon any labeled amino acids added and, in addition, would not be likely to catalyze the loss of the excess 018 from the carboxyl group by reactions other than those of protein synthesis. Further, the cell should not possess reactions which cause a rapid exchange of phosphate oxygen with water oxygen. In particular, the cell should lack the capacity for oxidative phosphorylation coupled to 02 uptake because a very rapid exchange of phosphate oxygen with water oxygen has been found to be closely associated with the oxidative phosphorylation process.9 A bacterial species which appeared to meet these requirements was Leuconostoc mesenteroides P-60. In addition, use of this organism was advantageous because its sole source of energy is derivable from the stoichiometric breakdown of glucose to lactic acid, ethanol. and carbon dioxide. Conventional media for this organism were further simplified, and, for the experiments to be reported, the organism was grown on a medium containing 0.002 III glucose, 0.0007 JI KH2PO4, 0.16 Al total amino acids (as casein, hydrolyzed by acid in H20 or H2018 and freed of iP, with added tryptophan) together with small amounts of salts, purines, pyrimidines, and vitamins.
94 SYMAPOSIUMA Preliminary studies with use of H20'8 or with iP-0'8 showed that this organism catalyzed a slow but detectable exchange of the oxygens of iP with those of water; fortunately, this exchange appeared sufficiently limited to allow the contemplated experiments. The organism was thus grown on a medium containing carboxyl-0'8-labeled amino acids, and the medium iP and the cellular iP + labile P fractions were isolated and analyzed for 018 content. Somewhat to our surprise, only traces of 018 were detectable in these fractions, and the amount present was far less than that which must have been lost from the amino acids. Localized transfer of the oxygen to another substance seemed probable, and lactate appeared to be a likely candidate. Previous studies in our laboratory10 have shown that in glycolysis, through the intermediate formation of 1,3-diphosphoglycerate, an oxygen of inorganic phosphate appears in the carboxyl group of 3-phosphoglycerate. The carboxyl of 3-phosphoglycerate in subsequent reactions appears as the carboxyl of lactate. A more complete analysis for the fate of the amino acid carboxyl oxygen was thus made. The results of some experiments are shown in Table 3 , which gives the atom per cent excess 018 in various fractions. The remaining iP of the medium, to which carrier phosphate had to be added for isolation and analysis, showed no detectable excess 018. The small amount of excess 018 in the cellular iP and labile P fractions is apparent. In order to approximate the amount of 018 originally present in the amino acid carboxyl groups and that which remained in the peptide carbonyl groups, determinations were made of the amount of 018 in the oxygens of the hydrolyzed casein used and of the isolated bacterial protein fraction which were readily exchangeable with oxygens of water when heated under strongly acidic conditions. The exchangeable oxygen fraction comprises the amino acid carboxyls of the hydrolyzed proteins and the terminal carboxyls of the aspartic and glutamic acid residues. It is not known to what extent the various components which make up the exchangeable pool were labeled, except that the amino acid carboxyl groups must have contained at least 0.55 atom per cent excess 018, half the amount present in the HW018 used for casein hydrolysis The figures given in the table are based on the assumption that all the exchangeable oxygens were equally labeled. By considering various possible extremes of distribution of the 018. it may be concluded that the peptide carbonyl groups contain at least half and probably nearly as much excess 018 as the carboxyl groups of the original amino acids. For determination of the excess 018 in the lactate, the lactate was isolated as the pure silver salt, decarboxylated as such, and the mass 46 /44 ratio of the CO2 determined. No dilution was necessary, and the atom per cent excess reported, although not large, is a fairly accurate figure.
In conjunction with one of these experiments, determinations were also made of the excess 018 present in the acid-stable phosphate fraction of the bacterial cell; this represents principally phosphate from hydrolysis of polyribonucleotide. No excess 018 was detected. The limits of the analyses and experiments were such to allow the approximation than not more than 1 out of 10, if any, of the phosphate groups had acquired an oxygen from the amino acid carboxyl. The amino acids had thus left no detectable trace on the polynucleotide phosphate; however, it should be recalled that transfer of an amino acyl group to a phosphate and removal as such would not result in the leaving of any oxygen of the amino acid with the phosphate. The approximate distribution of the total excess 018 lost from the amino acids incorporated into cellular protein is shown in Table 4 . The medium iP, together with the cellular iP and labile P fractions, account for less than 1 per cent of the excess 018. If equal distribution of the exchangeable oxygens of the amino acids is assumed, then about 36 per cent of the original total excess O's remained with the amino acid residues of the protein, and about 65 per cent had been transferred to the large lactate pool. For estimation of the amount in the protein-exchangeable oxygen fraction, the average residue weight of the amino acids of the isolated bacterial protein was determined by the amount of a-amino acid carboxyl present in an appropriate hydrolyzate. The relative distribution of the total 018 in the protein exchangeable oxygen and in the lactate carboxyl fractions is uncertain because, as mentioned previously, assignment of the 018 found in the exchangeable oxygens among various a-carboxyl and side-chain carboxyl groups is uncertain. Calculation of the total recovery of 018 lost from the amino acids is fortunately relatively independent of the distribution of the 018 in the exchangeable oxygens. Definitely over 90 per cent of the oxygen lost from the amino acids is recoverable in the lactate carboxyl group. These findings establish that in vivo, in this bacterial species, as depicted in Figure 1 , reactions by which amino acids are made into protein take place in such a manner that oxygen which must be lost from the amino acid carboxyl appears nearly quantitatively in the carboxyl groups of lactate. The only known, and indeed at present the only plausible, way in which this might occur is first by transfer of the oxygen from the amino acid to phosphate fractions, intermixing of the oxygens among these phosphate fractions to give iP labeled with 018, transfer of the oxygen from the iP to the carboxyl of 3-phosphoglycerate by the glyceraldehyde-3-phosphate dehydrogenase and 3-phosphoglycerate kinase reactions, and subsequent conversion of the 3-phosphoglycerate to lactate. All this occurs with an exceptionally small amount of the excess 018 appearing in the medium iP or the cellular iP and labile P fractions. By analogy, one might say that this is an example of highly organized teamwork, with the team passing the ball, 018, a number of times without dropping it and without letting it mix with a large number of similar balls present on the side lines and, indeed, right in the playing field.
The most important aspect of the data is the very strong support they give to the concept that in in vivo protein synthesis, each amino acid is activated through formation of an anhydride-type compound with a phosphate, where the amino acid carboxyl forms the bridge oxygen between the acyl carbon and the phosphorus. with other intracellular phosphate and with iP of the medium have already been mentioned. The high percentage of excess 018 which remains with the amino acid residues in the protein suggests that, in the transfer of the amino acids across membranes, no reactions resulting in oxygen loss from the carboxyl occur and, further, that the extent of hydrolysis and resynthesis of cellular protein is limited.
The tracer studies with the intact cell correlate well with in vitro studies using cellular fractions and establish applicability of projected reactions to cellular protein synthesis.
